(CGls), regions w i t h relatively high content of the dinucleotide. CGls are generally associated with promoters; genes, whose promoters are especially rich in CpG sequences, t e n d t o be expressed in most tissues. However, all w o r k i n g definitions of w h a t constitutes a CGI rely o n ad hoc thresholds. Here w e adopt a direct and comprehensive survey t o identify the locations o f all CpGs in the human genome and f i n d that promoters segregate naturally i n t o t w o classes b y CpG content. Seventy-two percent of promoters belong t o the class w i t h high CpG content (HCG), and 28% are in the class whose CpG content is characteristic of the overall genome (low CpG content). The enrichment o f CpGs in the HCG class is symmetric and peaks around the core promoter. The broad-based expression o f the HCG promoters is n o t a consequence of a correlation w i t h CpG content because w i t h i n the HCG class the breadth of expression is independent o f the CpG content. The overall depletion o f CpGs throughout t h e genome is t h o u g h t t o b e a consequence of the methylation of some germ-line CpGs and their susceptibility t o mutation. A comparison of the frequencies of inferred deamination mutations a t CpG and GpC dinucleotides i n the t w o classes o f promoters using SNPs in human-chimpanzee sequence alignments shows t h a t CpGs mutate a t a l o w e r frequency in the HCG promoters, suggesting t h a t CpGs in t h e HCG class are hypomethylated i n the germ line.
CpG islands 1 DNA methylation I epigenetics I gene expression n vertebrates, the postreplication addition of methyl groups to I the 5-position of cytosine in certain CpG dinucleotides and the maintenance of a particular genomic pattern of methylated CpGs provides an epigenetic means for diffcrcntial regulation of gcne expression (1-7). Indeed, the pattern of methylation often varies between cell types and diflerent conditions, changes throughout development, and is abnormal in many disease states (5) (6) (7) (8) (9) (10) . A prevalent view holds that the state of CpG methylation regulates and stabilizes chromatin structure, perhaps regulating accessibility of the transcription machinery to regions of DNA (6, 9 -1 I). Thus, whereas methylated CpGs restrict transcription, unnicthylated CpGs in the vicinity of a gene allow that gene to bc expressed.
The abundance of CpG dinucleotides in human DNA is much lower than expected based on the GC content (12) (13) (14) , which results from the inherent mutability of methylated cytohine. Whereas the product of cytosine deamination, uracil, is readily recognized as aberrant and is repaired (4, 12, 15) , the deamination product of methylated cytosine is thymine. leading to transition mutations in the next round of replication. Consequently, methylated CpGs in the germ line are likely to be lost over time (16) (17) (18) (19) . The resulting dearth of methylated CpGs is not uniform; typically, regions scvcral hundreds of basc pairs long contain a11 elevated number of CpGs and are referred to as CpG islands (CGIs) (13, 14, 20) . Ostensibly, CGls are retained because thcir CpGs are hypomethylated in the germ line, but some can arise through circumstances unrelated to methylation, such as strong selection or as a result of thc prcvalcncc of CpGs in some repcats (2, 21, 22) . Because no objective standard exists for defining a CGI. the prevailing approach is to rely on ad hoc thresholds ol length, CpG fraction, and GC content (20, 22, 73) . Despitc the absence of a satisfactory definition. CGIs have been iiitensivcly studied.
On the cxpcriincntal front, CGIs havc convciitionally hcen targets for interrogation when probing the methylation status of the genome (24) (25) (26) (27) (28) . Computationally, it has been observed that CGIs are imperfectly associated with promoters, leading to thcir use in promoter prediction (29, 30) . Based on the thresholdbased definitions, promoters with highcr lcvcls of CpCs are presumed to bc associated with widely exprcsscd germ. However, any study that attempts to analyze CGI-related properties of promoters is faced with the dual difficulty of defining what constitutes a CGI and what constitutcs ii CGI-promoter association.
As a prelude to determining the genomz-wide pattern of CpG methylation, we have surveyed the pattern of CpGs over the human genome (31) and havc calculated the prevalcnce of CpGs with respect to various gcnc-related features as annotatcd by thc RcfScq databasc (32). By foregoing the usc of threshold-based definitions of CGIs, we were able to uncover the existence and catalog the membership of two classes of' promoters based on thcir CpG content: 72% of promoters with high CpC conccntrations (HCC) and 28% of promoters whosc CpG content was characteristic of the overall gcnorne [low CpG conccntration (LCG)]. By cataloging the promoters of the two classes, we wcrc also able to analyze the differences in CpG distributions, mutation ratcs. and expression profiles.
Results
Although CpGs occur =25%3 as often over the whole human genome as would be expected based on the GC content, their presence is elevated relative to this background level in exons and upstream regions of gcncs (Table 1) . At any given distance from the transcription start site (TSS), exons arc similarly enriched for CpGs compared to introns. We infer that the retention and enrichment of CpGs in exons stems from coding constraints, which strongly limit the I-ange of acceptablc niutiitions, because noncoding exons closclp rcsemble introns in thcir this claim (Table 4 , which is published as supporting information on the PNAS web site). In addition to their prevalence in exons, CpGs are also relatively enriched around the TSS. In fact, the enrichment pattern peaks sharply close to the core promoter 15 bp upstream of the TSS and extends symmetrically to -2 kb from the 'ISS (Fig. 1B) . Within individual promoters, CpGs tend to corne in clusters (data not shown), implying that the enrichment pattcrn reflects an average across many CpG islands, which tend to appear close to the core promoter and show no preference for bcing upstream or downstream.
Two Promoter Classes. Considering only the average pattern of CpG occurrence around the TSS conceals the existence of two distinct promoter classes. The distribution of promoters' normalized CpG content is bimodal and can be approximated by a mixture of two Gaussian curves with means of 0.23 and 0.61 normalized CpG content and relative abundances of 28% and 72%, respectively (Fig. 2d) . It is unlikely that the bimodality can be explained by AT-rich and GC-rich isochores, because the distribution of GC content is distinctly unimodal (Fig. 2B) . Taking the intersection of the Gaussian curves as a decision boundary, we assign a promoter to class LCG if the normalized CpG content of the 3 kb centered at the TSS is <0.35, and we assign a promoter to class HCG otherwise. This partitioning allocates 3,575 promoters (along with the corresponding genes) to the LCG class and 11,305 promoters to the HCG class, although there is minor cross-contamination because of the overlap between the curves. Reexamining the pattern of CpC occurrence around the 'I'SS, there is a striking difference between the two classes. Whereas HCG promotcrs exhibit a prominent peak in the frequency of CpG centered some 15 bp upstream of the TSS, the CpG frequency for LCG promoters is relatively flat except for a small incrcase near the TSS ( Fig. 2 C and D, lower curves). The most straightforward explanation for this qualitative difference between the classes is that all of the HCG promoters contain CGIs, and all of the LCG promoters lack them.
Estimation of CpG Mutation Rates. As previously discussed, elevated levels of CpGs can be due to the presence of CpG-rich repeats, general selection pressure, or nicthylation-related CpGspecific effects. To investigate the proximate cause of the difference in CpG content between the two classes, we analyzed mutation frequencies by using SNPs in human-chimpanzee sequcnce alignments. SNPs represent sites of recent mutations in the human genome, and the aligned chimpanzee sequence can be used to infer which alleles are ancestral (33) . To distinguish the effects of methylation from the effects of selection, we examined the frequencies of deamination mutations at the CpC dinucleotides (CpG to TpG or CpA) and those at the GpC dinucleotides (GpC to GpT or ApC). Although negative selection should acl indiscriminately on the two dinucleotides, changes rclatcd to methylation should only affect mutation frequencies at the CpGs. The last two rows of Table 2 show that CpGs mutate at a lower frequency in the HCG promoters than they do in the LCG promoters, whereas mutation frequencies of GpCs differ only modestly.
Unfortunately, this finding is not sufficient to establish the existence of a CpC-specific effect, because it can, in pi-inciplc, be explained by a difference in general selection. One would expect that mutation rates of CpGs would be more strongly affected than those of GpCs, because many CpCs have been purged from the genome, making it more likely that thc remaining ones arc under stronger selection. Therefore, when examining regions conserved by evolution. the frequency of CpC mutations would be expected to be dampened to a higher extent than for GpC mutations. Consequently. in addition to examining the promoter regions of the two classes, we also examined the mutation patterns in regions downstream of the transcription start sites. Because methylation is unlikely to be a factor in sequences that arc distant from the TSS. any differences in mutation frcquen- cies in such sequences should be due to differences in selection pressure. For the downstream analysis, we examined mutations in introns and the three coding phases of exons (phase 0, phase I, and phase 2 rcfcr to inutatioiis that are in the first, second, and third positions of a codon, respectively). As expcctcd, frcquencies of mutations varied in accordance with the amount of selection on the .sequences being considered. For both CpGs and GpCs, mutations were more prevalent in introns and in phase 2 (wobble) exonic positions, compared with phase 0 and 1 cxonic positions ( Table 2) .
Observations of mutation frequencies in downstream introns and exons provide a basis from which to reexamine the differences between the LCG and HCG classes. The Irequency of GpC mutations, which we can view as an inverse indicator of general selection, is only slightly higher in the LCG promoters compared with the HCG proniotcrs, whereas for both classes it is close to the corresponding frequency in introns and at wobble positions. Most importantly, the HCG class appears to be an outlier because the frequency of CpG mutations is the lowest of any of the regions examined and the GpC mutation frequency is consistent with HCG promoters being under only very modest selection. Taken together, the evidence argues for a CpG- All of the terms were mapped to the goslim-generic subset, which is meant to represent the top levels of the GO hierarchy. P values were calculated by using the ,y2 statistic. Only terms significant a t the 0.005 level are presented. Parenthesized markings stand for the three major subontologies comprising GO: CC for "cellular component." BPfor"biologica1 process," and MFfor"molecularfunction." Resultsforthe full ontology (not just the goslim-generic subset) can be found in Table 4 . specific effect and not general selection as the dominant culprit for the high levels of CpGs in HCG promoters.
Differences in Annotation and Expression Between the Two Classes.
Evidence from other studies suggests that CGIs arc more frequently associated with "house-keeping" genes than with tissue-specific genes (21,34,35). Our analysis of Gene Ontology [GO) (36) terms associated with genes in the HCG and LCG classes is consistent with that functional relationship (Table 3; see also Table 5 , which is published as supporting information on thc PNAS web site). Broadly considered, house-keeping functions arc significantly overrepresented in the HCG cl tcrms associated with specific functions characteristic of more differentiated or highly regulated cells are significantly overrepresented in the LCG class. The correlation of a promoter's CpG content with the breadth of expression of its gene is also borne out by our analysis of expression prof'iles of genes in the two classes (Fig. 3) . Using the data set from Su et ~11. (37) . who measured expression levels of an extensive set of genes in 79 different tissues, we bin genes according to the number of tissues in which they are expressed. The resulting distributions are significantly different between the two classes, the most pronounced differences being at the extremes of the distributions: therefore, genes that are cxpressed in only a small number of tissues arc overrepresented in class LCG. and gcncs expressed in all or almost all of the tissues are biased toward the HCG class The fraction of genes expressed in only a few tissues was higher in the LCG class, whereas the fraction of universally expressed genes was higher in the HCG class For plotting convenience we show distributions of genes grouped in 16 larger bins of size 5 (8) We partitioned class HCG into thirds by CpG content One third of promoters had normalized CpG fractions between 0 350 and 0 563, the next third was between 0 563 and 0 683, and the last third comprised all of the promoters with normalized CpG at >O 683 The tissue distributions of genes in the three HCG partitions were similar to each other and different from class LCG (C) We quantified that coriclu~ion by measuring dissimildrities between distributions by using 2 values (P values in parentheses) (Fig. 5 4 ) . Significantly, genes within the HCG class, irrespective o f whether they contain the least or the highest CpG content, exhibit very similar expression profilcs (Fig. 3 B and C) . The implication is that, within a class, the number of tissues in which a gene is expressed is not significantly dependent on the promoter's CpG content. This point is important because it shows that the universality of a gene's expression is specifically correluted with class membership and not directly with the CpG con tent.
Discussion
We should note that thcrc havc been previous studies comparing genes with or without CGIs in their 5' regions (21, 35, 38). t-lowever, all such studies ified genes according to arbitrary a n d limiting definitions of CGIs, definitions based on thresholds of CpG fraction, GC content, and length. Few inferences could have been made about the underlying distribution of promoters, because applying any threshold would partition a set of promotcrs regardless of whether they cluster into cohesive subsets. Only one study approached classifying promoters based on CpG properties from an ab initio perspective. Davuluri, Grosse, and %hang (30) found a bimodal distribution of a sliding window statistic in thc vicinity of TSSs and used it to generate two scparatc models for first exon prediction. Our results are consistent with their findings, while bringing more clarity to the nature of promoter-CGI association and establishing that there is ;I biologically meaningful separation of genes based on their CGl properties. Before our work, a continuous gradation of CpG content could not be ruled out because the promoters that were dccmcd to lack CpG islands could have becn at the tail of a distribution of CpG content. We show that there are, in fact, two classes of promoters with distinct CpG sequence profiles and a natural decision boundary. Furthermore, we find that CpG-rich promoters are expressed in more tissues but only to the extent that they are more likely to be in the HCG class.
Incidentally, it may appear surprising that the GC content around promoters forms a unimodal distribution (Fig. 2B) , because it has been previously argued that CpG islands are prefcrcntially located in the GC-rich isochores (21), and we have found that the normalized CpG content at the promoter is weakly correlated with the G C content (data not shown). Most likely, the GC content appears unimodal bccausc, although different between the two classes, it varies to a much smaller extent than the CpG content.
Given the difference in CpG-specific mutation rates ('I'able 2), CGIs in the HCG promoters arc almost certainly a consequence of their methylation state rather than of a general selection or the presence of CpG-rich transposable elements. As mentioned above, the most common explanation for such CGIs is that they are a consequence of hypomethylation in the germ line. 'l'he unmethylated CpGs in active promoters would be spared the mutagenic effect seen in methylated regions ol' the rest of the genome. According to this view, the pattern of CGIs in the genome should reflect a weighted average of methylation patterns in the germ line for which the weight is proportional to the time spent in the particular methylation state (1). ?'he overrepresentation of widely expressed gencs in the HCG class is consistent with the supposition that these promoters are hypomethylated in the germ line. Another possible explanation for the origin of CGIs is that they represent regions where natural selection has favored retention of CpGs for use in methylationmcdiated regulation. This explanation would account for why some tissue-specific genes contain promoters that are highly enriched for CpGs.
If CGIs are manifestations of methylation patterns, studying the properties of CGIs may yield insights into mechanisms that govern the establishment of these patterns. For instance. any proposed model for such a mechanism must account for thc symmetry of CGI distribution around the core promoter. 'Iherefore, the prevailing hypothesis involving the binding of transcription factors, such as SP1, to inhibit methylation (39) (40) (41) , is probably incomplete because it is unlikely to explain the equal clustering of CpGs upstream and downstream of the core promoter. More generally. identification of the two promoter classes lays the groundwork for characterization of CGI properties and analysis of sequcnce elements that influence and are influenced by CGI locations and boundaries. Orthologous sequcnces from other mammals should be very useful in this rcgard as they can help to better separate the classes and to identify CGI boundaries more precisely.
Thc most striking finding of our analysis is the bimodal distribution of CpG content in promoters, which should caution against excessive reliance on CGIs as gene markers. The LCG class represents a substantial fraction of known genes and is likely to be inore prevalent among undiscovered genes (42) (43) (44) .
The discovery of the LCG class raises the question about the role of methylation in controlling the expression of LCG genes. At present, we have a paucity of experimental data because most studies of differential methylation focus on CGIs, which are absent in the LCG class. In the end, it is the state of methylation of CpGs in both HCG-and LCG-class promoters and in various physiological states that holds the key to understanding their role in molding the phenotype.
Methods
Sequence Analysis. All of the statistics were compilcd for the University of California, Santa Cruz human genome assembly (hgl6) from July 2003, and the corresponding gene annotations were from the National Center for Biotechnology Information KefSeq database. To determine whether false TSS predictions were skewing our results. we also analyzed annotations from cap analysis gene expression sites (RIKEN CAGE database), chromatin iminunoprecipitatioIi sites, and compiled 5' UTI< lengths. It does not appear that the essential conclusions of this work wcre compromised by false TSS predictions in the RefSeq database. Normalized CpG fraction was computed as (observed CpGj/(expected CpG), where expected CpG was calculated as (GC ~o n t e n t / 2 )~.
Analysis of Mutation Frequencies. We compiled a list of mutation locations in the human genome by relying on SNPs and inferred thc ancestral alleles through comparisons with the chimpanzee ge-
